INTRODUCTION
FA, ω-OHFA and DCA monomers in the suberin of roots and seed coats (Beisson et al., 2007) .
Recently, we demonstrated that GPAT4 and 6 are bifunctional enzymes that possess sn-2 acyltransferase and phosphatase activities (Yang et al., 2010) and which therefore produce sn-2 monoacylglycerols (MAGs) as the major product. GPAT5 also exhibits strong preference for sn-2 acylation but lacks phosphatase activity and thus sn-2 lysophosphatidic acids (LPAs) is its major product (Yang et al., 2010) .
These observations all attest to the fact that several members of the GPAT1-8 family are enzymatically very distinct from the GPATs required for membrane and storage lipid biosynthesis. Indeed they represent a new acylglycerol biosynthesis pathway that provides precursors for cutin and suberin biosynthesis. To better understand the early steps in polyester synthesis and the roles contributed by GPAT4-8, and to determine whether the clade of GPAT1-3 has distinct or similar activity, we have characterized the regiochemistry and acyl substrate specificity of GPATs representing all three clades. We show that the cutin-associated GPAT8 is a bifunctional sn-2 acyltransferase/phosphatase, while GPAT1, an isozyme with uncertain function but important for tapetum and anther development (Zheng et al., 2003; Li et al., 2012) , possesses sn-2 acyltransferase activity but not phosphatase activity. An important issue in defining the pathway of cutin/suberin biosynthesis is whether to place the P450 oxidation reactions before or after the G3P acylation reactions. As discussed (Pollard et al., 2008) , previous evidence has not allowed definitive determination of the alternative pathways. However, conducting a GPAT substrate specificity study particularly with a range of ω-oxidized and unmodified acyl-CoAs can help clarify the situation. Here, we show the acyl-CoA specificities of GPAT4, 5, 6 and 8 are concordant with the compositions of their respective cutins and suberins and the resulting changes in corresponding gpat mutants and over-expression lines. Furthermore, the results provide strong evidence that acyl transfer to glycerol by GPAT occurs after ω -oxidation of acyl chains, thus increasing our limited understanding of the biochemical pathway for cutin and suberin polymer assembly.
A phylogenetic analysis of Arabidopsis GPATs with vascular and non-vascular landplant homologs provides an evolutionary view of the expansion and divergence of the gene family into 3 distinct clades that are associated with morphological and functional evolution and with the loss of phosphatase activity. germ translation, as they produce a simpler and more uniform product profile. We were unable to obtain active GPAT4 by wheat-germ expression. This enzyme, and GPAT1 and 5 which do not have functional phosphatase domains and produce a simpler product profile were assayed from yeast-expressed preparations.
GPAT8 is an sn-2 Acyltransferase/Phosphatase and Prefers C16 and C18 ω-Oxidized Acyl-
CoA Substrates
Previously, Li et al (Li et al., 2007a) demonstrated that GPAT4 and GPAT8 are functionally redundant and required for Arabidopsis leaf and stem cutin production. Double knockouts (gpat4/gpat8) show a 60-70% reduction in C16 and C18 cutin monomers. Subsequent biochemical characterization of GPAT4 revealed that it has both sn-2 acyltransferase and phosphatase activity (Yang et al., 2010) . To test if GPAT8 is another member of this class of novel sn-2 acyltransferases with an active phosphatase activity, the enzyme was assayed with C16:0 and C18:1 ω-OH and DCA acyl-CoAs. The reaction products were directly analyzed by borate-TLC to resolve sn-1 and sn-2 MAG isomers. GPAT8 products comigrated with ω-OH or DCA sn-2 MAGs (Fig. 1) . Since GPAT8 produces sn-2 MAGs as the major products (>90%), the results demonstrate that, together with GPAT4, both GPAT enzymes required for leaf and stem cutin biosynthesis are bifunctional sn-2 acyltransferase/phosphatase. The observed phosphatase activity of GPAT8 is consistent with its conservation of 5 key amino acids seen in Motifs I and III of GPAT4 and GPAT6 phosphatase domains (Yang et al., 2010) .
To determine substrate specificity, GPAT8 was assayed with both unsubstituted and ω -oxidized acyl-CoA substrates ranging from C16-C24 carbons chain length (Fig. 2 ). GPAT8 acyl transfer activity was up to 10 fold higher with C16:0 and C18:1 ω-oxidized acyl-CoAs when compared to the unmodified acyl-CoAs. An exception to this generalization was for C16:0 DCACoA, which had low activity similar to C16:0-CoA. In addition, much lower or no activity was observed with either unsubstituted or ω -oxidized acyl groups with chain lengths > C18. GPAT4 also preferred ω-oxidized substrates, particularly DCAs, while activity was low with longer Arabidopsis GPAT6 is highly expressed in flowers (>2 fold in petals and sepals above other GPATs). Analysis of gpat6 knockout lines demonstrated that GPAT6 is essential for the accumulation of C16 cutin monomers (Li-Beisson et al., 2009) . When wheat-germ-expressed GPAT6 was assayed with unmodified, ω-OHFA or DCA acyl-CoAs of chain length C16-C24, substrates with either ω-functional group had a 4 to 11 fold higher activity compared to the corresponding unmodified acyl-CoAs (Fig. 3) . Furthermore, GPAT6 had a clear chain length specificity. Activity with all of the C16 and C18 substrates was several fold higher than with the corresponding acyl-CoAs of longer chain length (≥ C20). In Arabidopsis flower cutin, 10,16-diOH C16:0-FA is the dominant monomer whereas 16-OH C16:0-FA is a comparatively minor component (Li-Beisson et al., 2009 ). However, GPAT6 activity was higher with 16-OH C16:0-CoA than with 10,16-diOH C16:0-CoA (Fig. 3) . To examine further whether GPAT6 displays acyl selectivity between 16-OH C16:0-CoA and 10,16-diOH C16:0-CoA, GPAT6 was incubated with equimolar mixtures of these two substrates at 10, 20 and 30 µM total acyl-CoA concentrations. In agreement with single substrate results, at each concentration GPAT6 exhibited fatty acid selectivity for 16-OH C16:0-CoA (Fig. 4A) , producing 3 to 6 fold more product with the ω-hydroxy substrate than the dihydroxy substrate (Fig. 4B) . To test if a midchain hydroxyl group increases acyl transfer activity compared to unmodified acyl-CoA, ricinoleoyl-CoA (i.e. 12-OH C18:1-CoA) was synthesized and assayed with either GPAT6 or GPAT8. Almost no MAG formation was observed for either enzyme indicating mid-chain hydroxylation alone is not a positive determinant of activity (Supplemental Fig. S2 ).
Suberin-Associated GPAT5 is an Acyltransferase with Broad Acyl-CoA Specificity
Very long chain (≥C20) fatty acids and their ω-oxidized derivatives are common aliphatic constituents of suberin. Arabidopsis GPAT5 is required for root and seed coat suberin biosynthesis, with gpat5 mutants showing large reductions in C22:0-and C24:0-FA, ω-OHFA and DCA monomers in seed coat suberin (Beisson et al., 2007) . We previously demonstrated that GPAT5 is a sn-2 specific acyltransferase but, in contrast to GPAT4, 6 and 8, GPAT5 does not possess phosphatase activity, and therefore sn-2 LPA rather than sn-2 MAG is the major product (Yang et al., 2010) . Acyl-CoA specificity of the GPAT5 enzyme was tested with ω-oxidized and unmodified acyl-CoAs with chain lengths from C16 to C24. The specificity of GPAT5 for acylCoA substrates is clearly distinct from GPAT4, 6 and 8 in two ways (Fig. 5) . First, GPAT5 exhibited much broader chain-length specificity. It was most active with acyl-CoA substrates of C22 chain length, but activity with other saturated substrates ranging from C16 to C24 differed only 40-45% compared to C22. Second, with longer chain length substrates, the enzyme did not discriminate between the oxidation states of acyl-CoAs (C22:0 normal FA/ω-OHFA/DCA). At C16 chain length, GPAT5 showed highest activity towards the unsubstituted acyl-CoA, reduced activity towards ω-OHFA-CoA, and the lowest activity towards DCA-CoA. Activities with C18:1-FA, 18-OH C18:1-FA and C18:1-DCA acyl-CoAs were amongst the lowest, suggesting discrimination against unsaturated substrates. In general terms, compared to GPATs 4, 6 and 8, GPAT5 can accept a much wider range of acyl chain lengths, has a strong discrimination against cis-unsaturation and ω -oxidized C16 substrates, but does not discriminate strongly between oxidized and non-oxidized acyl-CoA substrates of longer chain lengths.
GPAT7 Likely Functions in Suberin Synthesis
Sequence analysis of the eight-member Arabidopsis GPAT family indicates that GPAT7 is most closely related to GPAT5 (Beisson et al., 2007) (81% similar and 88% identical amino acid sequences) and these two GPATs constitute a distinct clade of the gene family tree. We over-expressed GPAT7 in Arabidopsis and this resulted in the production of very long chain α-and β -MAGs together with C22:0 and C24:0 free fatty acids in seed and stem waxes (Fig. 6 ).
This phenotype is similar to that found for GPAT5 ectopic expression (Li et al., 2007b) , and suggests that GPAT7 acyl substrate specificity is similar to GPAT5. Suberin production in aerial tissues is a characteristic wounding response (Kolattukudy, 2001) and our data indicate GPAT7 may participate in such a response. Indeed, promoter-GPAT7-GUS lines indicated that GPAT7 expression was strongly induced by wounding of leaf tissue (Fig. 7A-C) . In addition, compared to WT, the gpat7 mutant did not develop resistance to toluidine blue staining at wound sites ( Fig.   7D-F) . Taken together, the close sequence similarity to GPAT5, the production of soluble suberin-like precursors by over-expression lines and the wound-induced expression all suggest GPAT7 is a second member of the GPAT family that is involved in suberin synthesis. However, this hypothesis is tentative because leaf polyester analysis did not reveal changes of the composition in gpat7 mutants (Supplemental Fig. S3 ) suggesting GPAT7 may play a more specialized role in wounding or only in specific cell types.
GPAT1 Possesses sn-2 Acyltransferase but not Phosphatase Activity
GPAT1-3 represent a distinct clade from the GPAT4/6/8 and the GPAT5/7 clades in the GPAT family of Arabidopsis. Because of the clear involvement of GPAT4-8 with cutin and suberin, we examined the polymeric lipids of gpat1, but observed no clear chemical phenotype in mutant leaves, seeds or flowers (Supplemental Fig. S4 ). In a previous characterization of Arabidopsis GPATs, GPAT1 was active with unsubstituted acyl-CoAs (C16:0, C16:1, C18:0, C18:1 and C20:1) whereas activity could not be detected for GPAT2 and 3 (Zheng et al., 2003) .
Omega-oxidized acyl-CoAs typical of cutin and suberin were not tested. Because of the sn-2 regiospecificity of Arabidopsis GPAT4, 5, 6 and 8 and the bifunctional acyltransferase/phosphatase activity of GPAT4, 6 and 8, we re-examined and extended the analysis of activity and substrate specificity of Arabidopsis GPAT1-3 with a range of substrates from C16 to C24. As shown in Figure 8A , GPAT1 activity was highest with C20:0-CoA and 10 fold above C16:0 or C18:1 substrates. GPAT1 was also able to use C22:0 DCA-CoA with an equal preference to C22:0-CoA, indicating that GPAT1 is able to accept ω-oxidized acyl-CoAs, as we observed for GPAT4, 5, 6 and 8. We could not detect activity of GPAT2 and GPAT3 with either unmodified or ω-oxidized substrates in either yeast or wheat-germ expression systems. It is possible that an appropriate substrate has not yet been tested, or that a component is missing from the assay. We also analyzed gpat2 and gpat3 mutants, and neither displayed any obvious phenotypes nor changes in their polymeric lipids of flowers, leaves, or in the seeds (Supplemental Fig. S4 ). Even though GPAT2 and 3 have lost their key amino acids in their phosphatase domain, they retain their HXXXXD and CPEGT conserved acyl transferase domain motifs and so may be expected to be active acyltransferases.
LPAs rather than MAGs were the products of the GPAT1 reaction. Therefore, GPAT1
does not possess the phosphatase activity characteristic of GPAT4, 6, and 8. GPAT1 has only one change in its key amino acid residues in the phosphatase domain. The first Asp in Motif III has been replaced with Ser. In GPAT6, when the equivalent residue was mutated from Asp to Lys, this was sufficient to ablate all phosphatase activity (Yang et al., 2010) . To determine if GPAT1 catalyzes the transfer of the acyl-CoA to the sn-1 or sn-2 position of G3P, the phosphate group of the product was removed by hydrolysis with alkaline phosphatase to produce MAG.
The regiospecificity of resultant MAG products was determined by immediate application of hydrolysis products to borate-TLC to resolve sn-1 from sn-2 isomers. The observed products of C18:0-CoA and C20:0-CoA reactions were only sn-2 MAGs. For C22:0-DCA-CoA substrate, the major MAG product also co-migrated with C22:0-DCA sn-2 MAG standard generated by GPAT5 assay (Fig. 8B) . Therefore, these and previous results indicate enzymes from all three clades of the GPAT family are sn-2 acyltransferases.
DISCUSSION

sn-2 Regiospecificity is a Distinctive Property of the Land-Plant-Specific Lineage of GPATs
The acyl-CoA:sn-glycerol-3-phosphate 1-O-acyltransferase (EC 2.3.1.15) that carries out the first acylation of G3P to produce sn-1 LPA has been extensively characterized in membrane and storage lipid synthesis of plants, animals and prokaryotes (Murata and Tasaka, 1997; Zheng and Zou, 2001; Gimeno and Cao, 2008; Zhang and Rock, 2008; Wendel et al., 2009; Chen et al., 2011a) . The accumulation of sn-2 MAGs in surface lipids of Arabidopsis by ectopic expression of GPAT5 (Li et al., 2007b) opened the question of the regiospecificity of GPATs that are involved in plant polyester synthesis. We recently demonstrated that GPAT5 is indeed a sn-2 acyltransferase. Furthermore, GPAT4 and GPAT6 are also sn-2 acyltransferases with an additional phosphatase activity (Yang et al., 2010) . These results provide the first evidence that the initial steps of cutin and suberin synthesis differ fundamentally from the de novo biosynthesis of membrane and storage glycerolipids. In this study, we have further demonstrated that cutinassociated GPAT8 is also a bifunctional sn-2 acyltransferase/phosphatase, and that GPAT1 from the third, less-characterized clade possesses sn-2 regiospecificity as well. Thus all five of the GPATs probed for their enzymatic regiospecificity are sn-2 specific. These represent all three clades. In addition, we can infer at least substantial sn-2 specificity for GPAT7 from the occurrence of 2-MAGs on ectopic expression (Fig. 6 ). This only leaves GPAT2 and 3 from the eight genes with undetermined regioselectivity. However, based on structural modeling (Supplemental Fig. S5 ) and sequence similarities in the active site, it appears likely that GPAT2 and 3 are also sn-2 specific. To differentiate between GPAT enzymes with different regiospecificity, a new EC number (EC 2.3.1.198) has been assigned to the sn-2 specific GPAT reaction by the Enzyme Nomenclature Committee of the IUBMB. To provide clarity in this discussion, we will often refer to these enzymes collectively as sn-2-GPATs to distinguish them from GPATs with sn-1 regiospecifcity. And, as discussed in detail below, they can also be defined as "land-plant-specific GPATs" because close homologues first appear with the primitive mosses and are not found in animals, fungi or microorganisms (Yang et al., 2010) .
The underlying reasons for the distinctive sn-2 regiospecificity remain to be determined.
The sn-2 LPA or MAG products are thermodynamically less stable (by about 4 kJ/mole) than sn-1 isoforms. Thus, acyl migration between the two positions produces products at a ratio of ~4:1 in favor of a primary position over the secondary position. Does biosynthesis with sn-2 regiospecificity impart to cutin and suberin a uniquely advantageous polymer property? Or does sn-2 provide a "recognition signal" for targeting polymer precursors to specific transport and assembly processes? Or more simply, does the difference from the sn-1 acylation pathway for membrane lipids allow co-existence within the ER while allowing selective metabolism of similar LPA intermediates destined for different pathways? These unknowns await further biochemical and cellular evidence.
Insight into the Cutin/Suberin Biosynthetic Pathway: Evidence that Acyl Oxidation Precedes Acyl Transfer to Glycerol
An unanswered question in cutin and suberin biosynthesis is the exact biosynthetic pathway to these polyesters. Even this question is clearly hindered by lack of a definitive view of polyester assembly and structure. Nevertheless, largely through the study of mutants, members of the activating enzymes of the LACS family, the fatty acid P450 oxidases and GPATs have all been shown clearly to be required for cutin and suberin biosynthesis, controlling both composition and the total amount of polyester accumulation (Beisson et al., 2012) . LACS2 is required for optimum cutin synthesis (Bessire et al., 2007) (Fig. 3) , the situation remains ambiguous. If mid-chain hydroxylation (and DCA formation) occurs preferentially to GPAT6 acylation, the fact this dominant cutin monomer 10,16-diOH C16:0-FA is not the preferred acyl substrate for GPAT6 will have to be taken into account in any eventual model for biosynthesis.
This leaves the most likely scenario for GPAT6, as with GPAT4 and 8, to function after the ω -oxidation reaction and probably after subsequent oxidations. Together, these substrate specificity data strongly support the pathway of oxidations first, GPAT second and thus expand our understanding of the cutin and suberin biosynthetic pathways. Nevertheless, since 2-MAGs have not been tested as additional substrates for P450s, we cannot rule out the possibility that oxidation reactions could also occur after the acyl transfer step. Unlike GPAT 4/6/8, GPAT5 can utilize both normal and ω -oxidized fatty acids approximately equally (Fig. 5 ). However, as described in the next section, analysis of gpat5 and other mutants can provide further evidence for ω -hydroxylation preceding acyl transfer.
sn-2-GPAT Acyl Specificity as a Determinant of Cutin/Suberin Composition
The in vivo products of acyltransferase reactions depend on enzyme specificity and also on the substrate pools available to the enzyme. Comparison of the in vitro enzyme specificities determined in this study with the in vivo consequences of their disruption or over-expression can provide an indication of the contributions of these alternatives. The fact that we do not know how expression of any one gene may co-regulate other genes in the pathway, nor the extent to which metabolic feedback inhibition may control flux, and substrate pool size and composition, prevents full interpretation. As we postulate that oxidation precedes acyl transfer, the feedback inhibition may act at either of these steps, but most logically at the former.
Of the cutin-associated acyltransferases, Arabidopsis GPAT4 and GPAT8 are essential for leaf and stem cutin synthesis (Li et al., 2007a) . In this substrate specificity study, both GPAT4 and 8 are several fold more active towards most ω-oxidized acyl-CoA substrates than the unmodified acyl-CoAs and exhibit 5-60 fold greater activity for C16:0 and C18:1 acyl groups compared with C20:0, C22:0 or C24:0. In agreement with the in vitro data, double knockouts of these enzymes (gpat4/gpat8) are reduced overall 60-70% in C16 and C18 cutin monomers, with the greatest reduction observed in C18:2-DCA. Furthermore, over-expression of either GPAT4 or GPAT8 markedly increases C16/C18 ω-OHFA and DCA compared to the non-oxidized monomers (Li et al., 2007a) . In agreement with the results in Arabidopsis, increases or decreases of C16/C18 leaf cutin monomers are observed after ectopic expression of a GPAT4/8 homolog from Echium in tobacco (Manas-Fernandez et al., 2010) or by silencing of GPAT4 homologs in Brassica napus (Chen et al., 2011b) . Thus for most monomers, the in vivo data coincides with in vitro enzyme specificity data.
Unlike the C18 monomers that predominate in stems and leaves, Arabidopsis flower cutin monomers are largely of C16 chain length (~70%). GPAT6 is the most highly expressed acyltransferase in flowers. As with GPAT4/8, recombinant GPAT6 activity is substantially higher with oxidized acyl-CoAs (16-OH C16:0, C16:0-DCA and 10,16-diOH C16:0) than with unmodified C16:0-CoA (Fig. 3) . The gpat6 mutants display 80-95% reductions in these C16 monomers with little change in C18 monomers or in unmodified 16:0. When GPAT6 is overexpressed in stems, these C16 monomers are all increased in unison (3-6 fold) with little change in C18 unsaturated monomers (Li-Beisson et al., 2009) . Because C16 monomers are minor components of stem cutin (which is dominated by C18:2 DCA), this specific increase of oxidized C16 monomers illustrates control by GPAT6 specificity over cutin composition. GPAT6 also has strong activity towards C18:1 ω -oxidized monomers (Fig. 3) , that were not altered by overexpression and thus implies control by both enzyme specificity and substrate supply over the final composition.
The most notable phenotype of Arabidopsis gpat5 mutants is the >80% reduction in C22:0 and C24:0 ω-OHFA and DCA aliphatic monomers and the corresponding non-oxidized acyl chains of seed coat suberin (Beisson et al., 2007) . There is a similar reduction of both normal and ω-oxidized fatty acids monomers in root suberin of gpat5 mutants. These seed coat and root data suggest GPAT5 can utilize either very-long chain ω -oxidized or normal fatty acids for polyester synthesis. This is exactly what we observe in vitro ( with the wide chain length specificity of GPAT5 determined in vitro, spanning at least C16 to C24 chain lengths (Fig. 5) . The appearance of monomers with C20 and C22 chain lengths in stems clearly reflects the broad GPAT5 specificity because no changes were observed with overexpression of CYP86A1 or CYP86B1 alone, and reinforces the determination of GPAT enzyme specificity to cutin composition. The accumulation of very long chain MAGs (C22-C30) in the surface waxes of GPAT5 overexpressors (Li et al., 2007b) shows GPAT5 acyl chain length in vivo extends to at least C30. In addition, roots of 3 week old gpat5 Arabidopsis seedlings shows large reductions in C16:0 and C18:1 ω-OHFAs, but not DCAs (Beisson et al., 2007) . The synthesis of these C16 and C18:1 ω-OHFAs and DCAs requires the ω -hydroxylase CYP86A1 (Li et al., 2007a; Hoefer et al., 2008) . As accumulation of ω-OHFA requires GPAT5, but the synthesis of DCA, which goes through the same P450, does not, then a simple explanation is that GPAT5 is required for incorporation of ω-OHFA into cutin, but not for the GPAT specificity together with substrate supply control monomer composition. However, the high expression correlation between specific sets of GPAT and P450 genes (Pollard et al., 2008; Beisson et al., 2012) , and the requirement for GPAT5 and its cognate P450s to generate additional C16-C22 monomers in stem cutin show that we should really consider acyl specificity as a co-evolved attribute.
Placing GPATs in their broader biosynthetic perspective is difficult. The extent to which particular cutins and suberins are extended aliphatic polyesters or more complex heteropolymers is unknown. MAGs may be exported monomers (synthons) for extracellular polymerization by transacylases, such as proposed for the GDSL lipase CD1 in C16-rich tomato fruit cutin (Yeats et al., 2012) . However, intracellular oligomerization may occur. MAGs might be initiators for further intracellular polymerization, or the addition of glycerol may be an intracellular oligomerization terminator. Such alternatives will require the identification of the requisite intracellular enzymes and further characterization of GPATs with a series of estolide acyl-CoAs.
sn-2 Regiospecific GPAT Evolution and Divergence
Phylogenetic relationships can provide information on gene function (Eisen, 1998) . Asterella species (liverworts) (Caldicott and Eglinton, 1976) . This early association to the sn-2-GPAT family is clearly observed at the molecular genetic level by the appearance of strong homologs (E <10 -100 ) to sn-2 specific GPATs in the genomes of P. patens and the lycopod Selaginella moellendorffii. It is notable that all these ancient lineages possess genes that specifically cluster within the Arabidopsis GPAT 4/6/8 clade, and of these, all possess conserved phosphatase active site residues (Yang et al., 2010) . This implies that the GPAT4/6/8 clade is the most ancient, and was involved in the assembly of cutin or cutin-like polymers in the first land plants. Furthermore, all other fully sequenced angiosperms, and also gymnosperms possess genes that cluster within the cutin-associated GPAT4/6/8 clade, indicating conservation of this clade throughout the evolution of higher plants.
The divergence of the land-plant-specific GPAT family to form the GPAT 5/7 clade is associated with (i) the evolution of tracheophytes (i.e. vascular plants) (ii) the loss of phosphatase active site residues and (iii) likely with the evolution of suberin polymers. In Arabidopsis, GPAT5 is required for the production of suberin in the endodermis and also the patens and only one in S. moellendorfii (Fig. 9) . Functionally, within the Arabidopsis GPAT1-3 clade, we were able to detect acyltransferase activity with GPAT1. This activity is clearly sn-2 specific and, like GPAT5, active with both ω-oxidized and unmodified acyl-CoA (Fig. 8) . In Arabidopsis, GPAT1 is clearly associated with flower development, as its expression is enriched in flowers and siliques and gpat1 mutant plants exhibit abnormal tapetum development and reduced pollen production (Zheng et al., 2003) . Moreover, a gpat1/6 double mutant displays more severe phenotypes than either single mutant and is male-sterile (Li et al., 2012). The specific biochemical reaction catalyzed by GPAT1 in vivo remains elusive. However, that a specific biological function of GPAT1 in flowers extends to monocots is supported by the fact that expression of its closest rice homolog (Os01g44069) is enriched in stigmas (Rice eFP browser). The function of the GPAT2 and 3 members of this branch remains unknown.
Acyltransferase activity could not be demonstrated for GPAT2 and GPAT3 with either ω-oxidized or unmodified acyl-CoAs, as observed with unmodified acyl-CoAs by Zheng et al. (Zheng et al., 2003) . It is possible that an appropriate substrate or co-factor has not yet been tested. In contrast to GPAT1, the tissue-level expression patterns of Arabidopsis GPAT2 and 3 are broader than GPAT1 (Beisson et al., 2007; Winter et al., 2007) . We also analyzed T-DNA insertion mutants for GPAT2 and GPAT3, and none display any obvious growth or polyester composition phenotypes (Supplemental Fig. S4) . Thus, the likely production of sn-2 glycerolipids by GPAT2 and 3 and their role in higher plants remains unknown.
Evolution of sn-2 Specific GPAT through Gene Fusion and Role of Phosphatase Domain Architecture
Gene fusion usually leads to the physical linkage of proteins that have different functions but participate in a common metabolic pathway or biological process. The two domain structure of the sn-2-GPAT family almost certainly evolved from an ancient gene fusion event that occurred in a common ancestor to land plants. When analyzed individually, neither the Nterminal phosphatase domain nor the C-terminal acyltransferase domain from any land-plant sn-2-GPAT exhibits strong similarity (E value < 10 -6 ) to any acyltransferase or phosphatase enzyme in non-photosynthetic organisms or algae. Thus an ancestral progenitor for either domain is not clear. In the N-terminal phosphatase domain, the first aspartate in motif I, the first lysine in motif III, and the first aspartate in motif III are essential for phosphatase activity of GPAT6 (Yang et al., 2010) . In land plants, the bifunctional GPAT is likely the ancestral enzyme activity because all GPATs in Physcomitrella have the active site residues required for phosphatase activity (Yang et al., 2010) . Furthermore, in all fully sequenced angiosperms, all genes within the cutin associated GPAT4/6/8 clade retain the critical phosphatase residues, while all genes in the later evolving GPAT5/7 and GPAT1/2/3 clades have lost these conserved residues (Fig. 9) . Thus, as noted above, the loss of phosphatase activity is clearly correlated with the functional divergence of sn-2-GPATs and expansion of the family. Nevertheless, it is clear that MAG synthesis via a phosphatase activity is required and could be provided by another protein that pre-existed or coevolved to compensate for the loss of phosphatase activity. Alternatively, although the loss of the key active site residues of the phosphatase domain is evident in early vascular plants, the tertiary structure of the N-terminal 250 amino acids has been preserved throughout evolution of angiosperms (Yang et al., 2010 and Supplemental Fig.S5 ). The conservation of this structure may imply additional functions, perhaps relevant to acyltransferase activity, or protein-protein interactions. In this regard, Gidda et al (Gidda et al., 2009; Gidda et al., 2011) concluded that both the N-and C-termini face the cytosolic side of the endoplasmic reticulum, potentially allowing the two domains to interact. Conservation of structure associated with an inactive catalytic domain has also been observed for protein tyrosine phosphatase (Tonks, 2006) . 
MATERIALS AND METHODS
Materials
The haploid gene disruption strain 
Cloning and Heterologous Expression of GPAT1 in Yeast gat1Δ Strain
The previous constructs GPAT4/pYES2-CT and GPAT5/pYES-DEST52 (Yang et al., 2010) were used in this study. For GPAT1, plasmid containing its coding sequence was obtained from Arabidopsis Biological Resource Center (ABRC) at Ohio State University (Columbus, OH). The gene was amplified by PCR with primers GPAT1-cF/GPAT1-cR (Supplemental Table S2 ). The amplified PCR products were ligated into a yeast expression vector pYES2/CT (Invitrogen) and verified by sequencing. Transformation and heterologous expression of the genes in the yeast GPAT deficient mutant gat1Δ strain, and further isolation of the microsomes necessary for assaying acyltransferase activity was performed as described previously (Yang et al., 2010) .
Protein concentrations of the microsomes were determined via the Pierce BCA protein assay (Thermo Scientific), using fatty acid-free bovine serum albumin (BSA) as the standard.
Cloning and Expression of GPAT6 and 8 in Wheat Germ Cell-Free Translation System
Plasmids containing the coding sequence for GPAT4 and GPAT8 were obtained from ABRC.
The coding sequence of GPAT8 were amplified by PCR with primers GPAT8-cF/GPAT8-cR.
(Supplemental Table S2 ). The amplified PCR products were ligated directly into RTS pIVEX wheat germ His6-tag vector pIVEX 1.3WG (Roche Applied Science) and verified by sequencing.
The previously made construct GPAT6/pIVEX1.4WG (Yang et al., 2010) was also used in this study. Translation of GPAT6 and GPAT8 from constructs GPAT6/pIVEX1.4WG and GPAT8/pIVEX1.3WG was achieved by using RTS 100 Wheat Germ CECF Kit (5 PRIME), according to the manufacturer's instructions. Liposomes (10 mg/mL) were prepared from acetone-washed soybean lethicin (L-α-phosphatidylcholine) and added at 60 Table S1 ) as detailed previously (Yang et al., 2010) . DCA possesses two carboxyl groups, thus the production of DCA bis-CoA thioester is possible. Bis-CoA thioester was not detected as products by TLC or ESI-MS/MS.
GPAT Activity Assay
Glycerol-3-phosphate acyltransferase activity was determined by quantifying the amount of [ 14 C(U)]G3P substrate incorporated into products (LPA, PA, or MAG) (Yang et al., 2010) .
GPAT assay was performed in a 30-μL reaction mixture containing 37.5 mM Tris·HCl (pH 7.5), Figure S6 .
Regiospecificity of GPAT1 and GPAT8
Positional analysis of LPA from GPAT1 assay was performed immediately after the GPAT assay. Briefly, four separate GPAT assays were combined and added to 0.1M borate buffer (pH 7.5, 1 mL) and 0. MAGs produced by GPAT8 were positively identified by comigration with ω-OH or DCA sn-2
MAGs produced from the GPAT6 assay.
Phylogenetic Analysis of Land-Plant-Specific GPATs
Homologs of each member of the Arabidopsis sn-2-GPAT family were identified by BLASTP searches with datasets from www.phytzome.org. Only those sequences with a e-value less than e -50 were considered as member of the family. In each tree, for gene sequences other than Arabidopsis GPATs, the number at each node tip, or numbers beside the collapsed braches corresponds to the following sequences, using the nomenclature found of www.phytozome.org.
Physcomitrella patens 1) Pp1s134_51V6.1; 2) Pp1s9_453V6.1; 3) Pp1s117_135V6.1; 4) Pp1s42_150V6.1; 5) Pp1s117_125V6.1; 6) Pp1s72_49V6.1; 7) Pp1s281_69V6.1. Selaginella moellendorffii 1) Sm_80614; 2) Sm_170163; 3) Sm_405228; 4) Sm_118115; 5) Sm_63752; 6) Sm_405007; 7) Sm_80075; 8) Sm_90219; 9) Sm_233008; 10) Sm_164779. Oryza sativa:1)
Os2g02340.1; 2) Os01g63580.1; 3) Os05g37600.1; 4) Os05g38350.1; 5) Os03g52570.1; 6) Os10g27330.1; 7) Os01g44069.1; 8) Os11g45400.1; 9) Os12g37600.1; 10) Os01g14900.1; 11) Os05g20100.1; 12) Os01g19390.1; 13) Os10g41070.1; 14) Os08g03700.1; 15) Os03g61720.1; 16) Os01g22560.1. Multiple alignments and the phylogenetic trees were generated using bioinformatic tools available at www.phylogeny.fr, using the default settings (MUSCLE 3.7 was used for multiple alignment; Gblocks 0.91b was used for alignment refinement, PhyML 3.0 was used to generate the phylogenies; trees were created using Fig 
Plant Materials and Growth Conditions
Arabidopsis thaliana ecotype Col-0 was used throughout this study. The plants were grown in a controlled chamber (at 21°C-22°C, 40%-60% relative humidity, and a 16/8-h photoperiod at 80-100 µmol m −2 s −1 provided by fluorescent bulbs). Transgenic plants were first selected on MS agar plates supplemented with 50 µg/ml kanamycin before being transferred to soil for further analyses.
Isolation of Homozygous Mutants for gpat1, gpat2, gpat3, and gpat7
All mutants used in this study were ordered from ABRC with the SALK collection.
Combinations of gene specific primers were used together with the T-DNA left border primer LBa1 for selection of homozygous plants. Homozygous lines were obtained for GPAT1, GPAT2, GPAT3 and GPAT7 from SALK_052352 (gpat1), SALK_118230 (gpat2), SALK_028578 (gpat3), SALK_063846 (gpat7-1), SALK_006822 (gpat7-2) and SALK_064514 (gpat7-3), respectively. Detailed information on primers used in this study is shown in Supplemental Table S2 .
GPAT7 Overexpression, Wound Response and Promoter GUS Fusion Analyses
For GPAT7 overexpression, the genomic DNA (including one intron) was cloned and inserted into binary vector pBI121 as an XbaI-SacI fragment and introduced into Agrobacterium tumefaciens strain C58C1 for Arabidopsis flower dip transformation (Clough and Bent, 1998).
Cloning primer sequences are shown in Supplemental Table S2 . For wound response analysis,
Arabidopsis rosette leaves (6-weeks-old) were wounded with tweezers, and kept in standard growth conditions for 48 hours. Leaves were then detached from plants and stained with toluidine blue (0.05%) to test tissue-sealing capacities. Plant tissue images presented in this study were taken with a light microscope (Leica MZ 12.5) coupled with a digital camera. To examine GPAT7 (At5g06090) expression, promoter sequences (1619 bp) upstream of the starting ATG codon were obtained from AGRIS website (http://arabidopsis.med.ohio-state.edu/) and cloned into the binary vector pBI101 in fusion with GUS protein, resulting construct named pBI101:GPAT7.
Lipid Analyses
Stem and seed wax were analyzed according to previous cuticular wax analysis (Li et al., 2007b) .
For polyester analyses, depending on the tissues used, polyester monomers were analyzed following previously published protocols (Beisson et al., 2007; Molina et al., 2008) . The values represent the mean ± range of two independent enzyme preparations. Microsomes from the yeast gat1Δ strain expressing GPAT5 was used as the enzyme source.
GPAT assays were conducted with acyl-CoA species shown as acyl donors and [ 14 C]G3P as the acyl acceptor. GPAT activities from vector control were subtracted from those of GPAT5
reactions. The values represent the mean ± SD of three independent enzyme preparations. In each phylogeny, the Arabidopsis GPATs are identified as GPAT1-GPAT8, while the genes from the other species are identified by numbers (see Materials and Methods for annotations). The asterisk (*) beside some genes indicates it has a phosphatase domain, as identified by InterProScan (http://www.ebi.ac.uk/Tools/pfa/iprscan/). The 3 clades of sn-2-GPATs are highlighted in different colors, representing the GPAT4/6/8 clade (blue), the GPAT 5/7 clade (orange), and the GPAT 1/2/3 clade (grey). The scale to the left of the figure represents the traits that are thought to have evolved in the representative species.
